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The WRAP53 gene is located on chromosome 17p13 and partly overlaps the p53 tumor suppressor gene in opposite direction. The name WRAP53 (for WD40-encoding RNA antisense to p53) was recently approved by HUGO Gene Nomenclature Committee as the official name of this gene (also denoted TCAB1 or WDR79). We found that transcription of WRAP53 gives rise to p53 antisense transcripts that regulates p53 mRNA and is required for p53 action upon DNA damage. 1 WRAP53 transcripts can also be translated into the WRAP53 protein. This protein belongs to the WD40 protein family and is highly conserved during evolution. The WD40 family is a large family of proteins involved in important processes such as apoptosis, cell cycle regulation, proteasomal degradation and RNA metabolism. We found that the WRAP53 protein is an essential component for Cajal body maintenance and that without WRAP53 Cajal bodies collapse. 2 Cajal bodies are nuclear organelles involved in a variety of nuclear functions including ribonucleoprotein maturation, spliceosome formation, histone mRNA processing, RNA polymerase assembly, telomerase biogenesis and histone gene transcription. [3] [4] [5] We also showed that the WRAP53 protein interacts with the survival of motor neuron (SMN) protein, which is a key regulator of splicing. WRAP53 recruits the SMN complex from the cytoplasm to Cajal bodies in the nucleus by mediating interactions between SMN, importinb and coilin. 2 Recent studies also show that the WRAP53 protein bind certain RNA species in the nucleus called small Cajal body-specific (sca) RNAs and recruits them to Cajal bodies. 6, 7 ScaRNAs mediate posttranscriptional modifications of splicing RNAs, which occurs in Cajal bodies and is important for the function of the splicing machinery. A well-known member of the scaRNA family is the telomerase RNA, which is part of the telomerase holoenzyme. The telomerase enzyme extends telomeres and is activated in the large majority of cancer cells (90%) as a way to escape senescence and making cancer cells immortal. The WRAP53 protein was also found to be a new subunit of the telomerase enzyme, essential for the recruitment of telomerase to Cajal bodies and for telomere elongation in human cancer cells. 7 The WRAP53 gene has moreover been implicated in primary human cancers. Single-nucleotide polymorphisms (SNPs) in WRAP53 were found to be overrepresented in women with breast cancer, in particular estrogen receptornegative breast cancer. 8 The same SNPs were also associated with aggressive ovarian cancer. 9 The SNPs are located in the coding region of WRAP53 and results in the amino acid change R68G, suggesting that alterations of the WRAP53 protein could contribute to cancer. Here, we describe for the first time that the WRAP53 protein is upregulated in cancer and that WRAP53 overexpression promotes cellular transformation. WRAP53 knockdown specifically triggers apoptosis in cancer cells and increased WRAP53 levels are associated with poor prognosis in head and neck cancer. Our findings highlight the impact of WRAP53 in cancer and exposes WRAP53 as a new interesting therapeutic target.
Results
WRAP53 expression is elevated in cancer cell lines. The WRAP53 protein has 548 amino acids and migrates as a 75 kDa species on SDS polyacrylamide gels. Western blot (WB) analysis of WRAP53 in a series of human cells showed ubiquitous expression of the protein (Figure 1a) . Further examination of WRAP53 in non-transformed primary cells, in immortalized but noncancerous cells and in cancer cell lines revealed that WRAP53 protein expression is increased in immortalized cells and up to 20 times higher in cancer cells compared with primary cells (Figures 1b and c) . These data suggest a role for WRAP53 in the pathogenesis of human cancer.
WRAP53 overexpression transforms NIH 3T3 cells. The finding that WRAP53 is overexpressed in human cancer cells encouraged us to investigate if WRAP53 has oncogenic properties and can induce cellular transformation. To determine this, we overexpressed Flag-tagged wild-type WRAP53 or Flag-empty vectors in immortal murine fibroblasts (NIH 3T3 cells). WB analysis showed high WRAP53 expression in Flag-WRAP53 transfected NIH 3T3 cells ( Figure 2a ) and immunofluorescence (IF) revealed enhanced WRAP53 expression both in the cytoplasm and in the nucleus (Figure 2b ), in agreement with the normal localization of endogenous WRAP53. 2 The amount of Flag-WRAP53-expressing cells was estimated to around 65% after 9 days of selection. Interestingly, WRAP53 overexpression induced anchorage-independent colony growth after 3 weeks, whereas the empty vectors failed to transform the cells. Whereas control cells gave rise to some small colonies, WRAP53 overexpression induced four times the number of colonies that were also larger in size (Figures 2c  and d) . These results indicate that WRAP53 is an oncogene, whose overexpression can induce cell transformation.
Depletion of WRAP53 triggers apoptosis in cancer cells. To investigate the impact of WRAP53 in cancer cells, we knocked down WRAP53 expression in HeLa and U2OS cells (Figure 3a) . Interestingly, WRAP53-depleted cells started to die around 2-3 days post small interfering RNA (siRNA) treatment (Figure 3b ). To better understand the mechanism and the dynamics of this cell death, we performed time-lapse video microscopy of siRNA-treated cells, recording cells in 4-min intervals for up to 96 h post transfection. We observed massive cell death in siWRAP53-treated cells starting at 48 h post transfection (Figure 3b and Supplementary Movies S1 and S2), along with several known morphological changes associated with apoptosis, for example, cell rounding, membrane blebbing and cell shrinkage. To confirm apoptosis, we assessed activation of We next investigated whether the proapoptotic proteins Bax and Bak were activated and involved in the apoptosis triggered by WRAP53 depletion. A significant activation of both Bax and Bak was observed after siWRAP53 treatment for 48 and 72 h (Figures 4c and d) , suggesting a role of these proteins in the loss of Dcm and cytochrome c release following WRAP53 knockdown. To validate the importance of the mitochondria in siWRAP53-induced apoptosis, we investigated whether Bcl-2 overexpression could protect cells from apoptosis triggered by WRAP53 silencing. Bcl-2 is an anti-apoptotic member of the Bcl-2 protein family that controls the permeability and integrity of the mitochondrial membrane. HeLa cells that stably overexpress Bcl-2 (HeLa þ Bcl-2) were transfected with siWRAP53 oligos for 72 h and apoptosis was assessed by caspase 3 activation. Notably, caspase 3 activation was reduced by 87% in the Bcl-2-overexpressing cells (Figure 4e ). Thus, apoptosis induced by WRAP53 depletion is almost entirely blocked by Bcl-2 overexpression. Altogether, these results provide strong evidence for a critical role of the mitochondrial pathway in the apoptosis triggered by WRAP53 silencing.
Tumor cells are more sensitive to WRAP53 depletion than normal cells. Next, we extended our phenotype WRAP53 overexpression correlates with poor prognosis in head and neck cancer. Our finding that WRAP53 overexpression promotes survival of several well-known cancer cell lines encouraged us to investigate the impact of WRAP53 in primary tumors. Eight recently established head and neck squamous-cell carcinoma (HNSCC) cell lines derived from primary tumors (Table 1) were analyzed for correlation between WRAP53 expression and patient prognosis. Strikingly, high expression of WRAP53 was observed in HNSCC cells from patients with poor outcome, whereas low expression of WRAP53 was observed in cells 
Discussion
The dependence of a cancer cell on one overactive gene or pathway for its survival and/or growth is called 'oncogene addiction' and provides cancer-specific weaknesses that can be targeted in anticancer therapy. 10 Here, we report such properties for the WRAP53 protein, that is, WRAP53 protein is a potential oncogene essential for cancer cell survival, exposing WRAP53 as an interesting target for therapeutic intervention. In this study, we show that the WRAP53 protein is overexpressed in a broad range of human cancer cell lines in comparison with non-transformed cells. Functional analysis revealed that WRAP53 overexpression confers anchorage-independent growth in noncancerous NIH 3T3 mouse embryonic fibroblasts. This shows oncogenic properties of WRAP53 and indicates that enhanced WRAP53 has a role in tumor development by contributing to malignant transformation. Conversely, we found that knockdown of WRAP53 impairs cancer cell growth by inducing massive apoptosis. Characterization of the apoptosis showed activation of the intrinsic mitochondrial pathway, as concluded by the following findings upon WRAP53 depletion: (1) morphological changes associated with apoptosis including cell rounding, membrane blebbing and cell shrinkage, (2) caspase 3 activation and PARP cleavage, (3) cytochrome c release and loss of mitochondrial membrane potential, (4) Bax and Bak activation and (5) apoptotic rescue by Bcl-2 overexpression. We also found that silencing of WRAP53 specifically kills cancer cells, as depletion of WRAP53 in different normal human cells had no effect on cell survival. This indicates that cancer cells, but not normal cells, depend on WRAP53 expression for their survival in agreement with the definition of oncogenic addition.
We previously identified WRAP53 as a natural p53 antisense gene that has a critical role in the regulation of p53 at the RNA level. 1 Although this raises the possibility that the oncogenic properties of WRAP53 are mediated by its p53-regulating activities, several observations suggest that this is not the case. First, WRAP53 regulates p53 through the WRAP53-encoded antisense transcript and not through the WRAP53 protein. 1 The WRAP53 gene has different start exons (a, b and g) and only a-containing transcripts have the capacity to interact with p53 mRNAs and regulate p53 levels/action. Neither b-or g-transcripts nor the WRAP53 protein had any effects on p53 when overexpressed or knocked down. Second, the WRAP53 protein is mainly produced from WRAP53b-transcripts, which has a separate promoter from a-transcripts. Finally, the apoptosis triggered by WRAP53 knockdown is p53-independent as cells lacking or having inactivated p53 (H1299, HCT116 p53À/À and HeLa) die to the same extent as wild-type p53-harboring cells (U2OS, HEK293 and HCT116 p53 þ / þ ) (Figures 3c and 5b and data not shown). Together this indicates that the oncogenic properties of WRAP53 are not mediated through p53.
We recently showed that the WRAP53 protein is crucial for Cajal body formation and that loss of WRAP53 disrupt Cajal bodies. 2 Even though many processes in this organelle are important for survival, Cajal bodies per se are not essential for viability of cells, and should thus not trigger apoptosis upon disruption.
11-15 WRAP53 also targets the SMN complex to Cajal bodies. 2 Reduced expression of SMN has been shown to induce the mitochondrial apoptotic pathway involving cytochrome c release and caspase activation. [16] [17] [18] [19] However, as cells survive without Cajal bodies, the function of WRAP53 in directing the SMN complex to these nuclear structures is not likely to be the underlying reason for the observed apoptosis upon WRAP53 depletion. Moreover, the SMN complex has not previously been implicated in cancer and SMN levels were not found elevated in the cancer cells of this study (data not shown). This suggests that other functions of WRAP53 are essential for cancer cell survival.
The WRAP53 protein was also recently shown to be a subunit of the telomerase holoenzyme and important for telomere maintenance in human cancer cells. 7 WRAP53's involvement in the telomerase complexes is another link to tumorigenesis, which may provide mechanistic explanation to some of our observations, however, not to all of them. It is possible that factors involved in enhanced telomerase expression (found in 90% of tumors) also contribute to WRAP53 overexpression in cancer. Indeed MCF10A cells, which have increased telomerase activity compared with primary cells, also have higher levels of WRAP53 protein compared with primary cells. Telomerase activity is mainly regulated at the level of hTERT gene transcription, and number of activators and inhibitors influence the hTERT promoter, including c-Myc, Sp1, estrogen receptor (ERalpha) and p53. 20, 21 WRAP53 mRNA is increased in cancer cells 22, 23 indicating that upregulation of WRAP53 protein is caused by enhanced transcription, however, the responsible factors influencing the WRAP53 promoter remain to be identified. Notably, MCF10A cells were also more sensitive to WRAP53 depletion in comparison with the primary cells, suggesting that as the cells become more cancerous the more important WRAP53 levels are for their survival. WRAP53's role in the telomerase enzyme may also, at least partly, explain the oncogenic properties of WRAP53. Evidence suggests that telomerase can promote tumorigenesis in mice and human independently of telomere elongation by inducing cell proliferation and facilitating cell growth under conditions of physiologic stress. [24] [25] [26] [27] Thus, it is possible that overexpression of WRAP53 facilitates the cell transformation activities of telomerase or vice versa. The ability of WRAP53 to transform NIH 3T3 cells, which already have enhanced telomerase activity, however, indicates that WRAP53's contribution in the transformation process goes beyond WRAP53's function in the telomerase complex. Moreover, the dynamics of the cell death triggered by WRAP53 inhibition is not in-line with previous reports of telomerase inhibition. Knockdown of telomerase (hTERT) by RNAi induces apoptosis only after several weeks of cell culture, 28 pointing against WRAP53's role in telomere elongation as the underlying cause of WRAP53-induced apoptosis. Furthermore, U2OS cells maintain telomere length though the alternative lengthening of telomeres (ALT) pathway and still undergo apoptosis upon WRAP53 silencing. This suggests that the cancerspecific dependence of WRAP53 is additional to WRAP53's role in the telomerase enzyme. Thus, none of the currently known functions of the WRAP53 protein can satisfyingly explain the precise mechanisms underlying the apoptotic protective functions of WRAP53 or its oncogenic properties. Further investigations are required to elucidate the tumorigenic properties of WRAP53.
We also found that overexpression of WRAP53 is a marker of poor prognosis in HNSCC. WRAP53 expression was analyzed in eight recently established cell lines from patients with HNSCC, which were selected according to prognosis and intrinsic radiosensitivity. The corresponding patient tumor samples were also analyzed for WRAP53 expression. In this material, high expression of WRAP53 was associated with aggressive disease, shorter disease-free survival and resistance to radiotherapy. In contrast, low expression was observed in cells sensitive to radiotherapy from patients with a more beneficial outcome. Our findings indicate that WRAP53 is upregulated during head and neck carcinogenesis and contributes to disease progression. This discovery not only identifies WRAP53 as a prognostic marker candidate for head and neck cancer but also support a role of WRAP53 in the development and progression of human cancer cells in vivo. However, these findings should be verified in a larger tumor collection, and the correlation between WRAP53 expression, tumor size and treatment outcome should be investigated. In-line with this, previous studies found common genetic variations (SNPs) in the WRAP53 gene associated with aggressive breast and ovarian cancer. 8, 9 In conclusion, we have observed elevated levels of WRAP53 in a variety of tumor cell lines compared with non-transformed cells and furthermore detected tumorigenic properties of WRAP53. Furthermore, we have found that WRAP53 knockdown leads to massive apoptosis through the intrinsic mitochondrial pathway. Human tumor cells are more sensitive to WRAP53 inhibition as compared with normal cells. Strikingly, we found a clear correlation between WRAP53 expression and prognosis in eight recently established head and neck carcinoma cell lines derived from primary tumors. Together, these data highlight a role of WRAP53 in cancer in vitro and in vivo and identify WRAP53 as a viable target for cancer therapy. 
Materials and Methods
Cells and culture conditions. U2OS, HeLa, H1299, HEK293, HCT116 and HDF cells were maintained in Dulbecco's modified medium supplemented with 10% fetal bovine serum (Invitrogen Corporation, Paisley, UK), 2 mM L-glutamine (Invitrogen Corporation) and 2.5 mg/ml Plasmocin (InvivoGen, Toulouse, France) at 371C in 5% CO 2 humidified incubators. AG06814 cells were maintained in MEM supplemented with 10% FBS. MCF10A cells were maintained in a 1 : 1 mixture of MEBM (Clonetics/Lonza, Cologne, Germany) and Nutrient mixture F12 Ham (Sigma-Aldrich, Stockholm, Sweden) medium supplemented with 5% horse serum (Sigma-Aldrich), MEGM SingleQuotes (Clonetics/Lonza) and 2.5 mg/ml Plasmocin (InvivoGen) at 371C in 5% CO 2 humidified incubators. Fresh tumor samples from patients with HNSCC obtained during surgery were immersed immediately in Ca 2 þ -and Mg 2 þ -free phosphate-buffered saline (PBS; approved by the Linköping University ethical committee). The tissues were washed, minced into 1-2 mm pieces and placed in culture flasks. Thereafter, growth medium (Keratinocyte-SFM; GIBCO, Paisly, UK, Invitrogen Corporation) supplemented with amphotericin B (Fungizone, 2.5 mg/ml), antibiotics (penicillin 100 U/ml, streptomycin 100 mg/ml; all from GIBCO) and 20% fetal bovine serum (FBS, Integro B.V., Leuvenheim, the Netherlands) was added. Fibroblasts contaminating the cultures were continuously removed by differential trypsinization (0.25% trypsin þ 0.02% EDTA (ethylenediaminetetraacetic acid). After 3-6 weeks, the tumor cells had reached 50% confluence.
Following establishment, the cultures was grown in Keratinocyte-SFM supplemented with antibiotics (penicillin 100 U/ml, streptomycin 100 mg/ml) and 10% FBS, and were subcultured at confluence using 0.25% trypsin þ 0.02% EDTA with a weekly split ratio of about 1 : 2. Exchange of medium were made every third day. Cultures from passages 4 to 10 were used in all experiments. Typical epithelial morphology under phase contrast microscope was verified by IF staining of cytokeratin using a mouseanti-cytokeratin antibody (Novacastra Laboratories Ltd., Newcastle, UK, dilution 1 : 50) as earlier described. 29 The staining demonstrated variable but consistent expression of cytokeratin among all eight tumor cell lines used in this paper.
Western blotting. Cell extracts for WB analysis: cells were harvested, washed and lysed in ice cold WB lysis buffer (100 mM Tris-HCL, pH 8, 150 mM NaCl, 1% NP-40, 1% PMSF and 1% protease inhibitor cocktail) for 30 min on ice. Lysates were centrifuged at 14 000 r.p.m. for 15 min at 41C and protein concentrations were determined using Bradford assay (Bio-Rad Laboratories AB, Sundbyberg, Sweden). WB was performed according to standard procedures.
Transformation assay. For soft agar colony formation assays, NIH 3T3 cells were transfected by Lipofectamine 2000 with 1-3 mg of Flag-empty or Flag-WRAP53 plasmid DNA. The transfected cells were selected for in G418 for 9 days and then suspended in DMEM (10% FBS) containing 0.4% agar, and overlaid onto a 0.5% agar base at a density of 1 Â 10 4 cells per 60-mm dish. After 19-23 days, dishes were stained for with 0.01% crystal violet and the number of colonies was counted.
Immunofluorescence microscopy. For active Bax and Bak IF experiments, cells were harvested, washed and spun onto glass slides by Cytospin (Hettich Zentrifugation) for 5 min at 2500 r.p.m. and then fixed with 4% Formalin at room temperature (RT). For IF analysis of WRAP53 overexpressing NIH 3T3 cells, cells were grown on sterilized cover slips and fixed with 100% MeOH for 20 min at À201C. Both formalin-and MeOH-fixed cells were then permeabilized with 0.1% Triton X-100 for 5 min at RT, followed by 30 min of blocking in blocking buffer (2% BSA, 5% glycerol, 0.2% Tween20, 0.1% NaN 3 ). Cover slips were subsequently incubated for 1 h in primary antibody and 40 min in secondary antibody diluted in blocking buffer. The cover slips were mounted with Vectorshield mounting medium with DAPI (Vector Laboratories Ltd. United Kingdom, Peterborough, UK). Images were acquired with a Zeiss Axioplan 2 microscope, equipped with an AxioCam HRm Camera (Carl Zeiss AB, Stockholm, Sverige) using 43 or 60 oil immersion lenses, and processed using Axiovision Release 4.7.
Cell fractionations. Mitochondrial fractionations were performed as follows; cells were harvested, washed and lysed in Mitochondrial buffer (5 mM Tris-HCl, pH 7.4, 125 mM KCl, 5 mM MgCl2, 1 mM EGTA, 0.05% Digitonin, 1% protease inhibitor cocktail) for 5 min at RT, followed by centrifugation at 13 000 r.p.m. for 5 min. Supernatant (cytosol) was transferred to a new eppendorf tube and the remaining pellet (nucleus þ mitochondria) was lysed in WB lysis buffer. Equal volumes of each sample were loaded on an SDS-PAGE gel.
Antibodies. Three different WRAP53 antibodies were used: rabbit a-WRAP53-C2 (cat no.; PA-2020-100, Innovagen AB, Lund, Sweden, used for WB), rabbit a-WRAP53 (Wdr79, cat no.; A301-442A-1, Bethyl Laboratories, Inc., Montgomery, AL, USA, used for WB and IF) and rabbit a-WRAP53-483, 1 used for WB and immunohistochemical staining. The following antibodies were used in IF and WB: mouse a-Bax (cat no.; 556467, BD Biosciences, Stockholm, Sweden), mouse a-active Bak (cat no.; AM03, Calbiochem, USA), mouse a-cytochrome c (cat no.; 556433, BD Biosciences), mouse a-PARP (cat no.; 556362, BD Biosciences), rabbit a-GAPDH (cat no.; sc-25778, Santa Cruz, Heidelberg, Germany), mouse a-b-actin (Sigma-Aldrich), mouse a-EGFR (cat no.; 610016, BD Biosciences), rabbit a-Survivin (cat no.; S18191, Sigma-Aldrich) and mouse a-p53 (cat no.; 554293, BD Biosciences). Secondary antibodies: sheep a-mouse HRP (cat no.; NA931V, GE Healthcare), donkey a-rabbit HRP (cat no.; NA934V, GE Healthcare, Stockholm, Sweden), goat a-rabbit Alexa Fluor 488 (cat no.; A11008, Invitrogen Corporation), donkey a-mouse Alexa Fluor 594 (cat no.; A21203, Invitrogen Corporation).
siRNA oligonucleotides, plasmids and transfections. siRNA oligonucleotides targeting WRAP53: siWRAP53 no.;1 (cat no.; SI00388941, Qiagen, Sollentuna, Sweden) and siWRAP53 no.;2 (cat no.; SI00388948) and a control siRNA (cat no.; 1027280, Qiagen) was used. A measure of 10-20 nM of siRNA was transfected into cells by either Oligofectamine (Invitrogen Corporation) or by HiPerfect (Qiagen) transfection reagents in accordance with the supplier's recommendations. Flag-WRAP53 was cloned as described in (Mahmoudi et al. Video time-lapse microscopy. For time-lapse microscopy, U2OS cells were cultured sparsely on 3 cm plates. The cells were transfected with 20 nM of either Control or WRAP53 siRNA oligos and incubated in 371C incubator. At 24 h post transfection, the plates were placed in a 371C heated microscope chamber. The cells were observed under an inverted Zeiss Axiovert 100 microscope equipped with charged-coupled device (CCD) camera using a Â 10 magnification lens. Images were acquired every 4 min for the denoted time by a framegrabber card (PX-510-25E).
FACS analysis. For active caspase 3 stainings, cells were transfected with siRNA as described above and harvested at the indicated time points with trypsin, washed twice in PBS and fixed with 0.25% formaldehyde for 10 min at RT. Next, the samples were washed and incubated with PBS supplemented with FITC-conjugated rabbit active caspase 3 (cat no.; 51-68654X, BD Biosciences) and 0.1% digitonin for 30 min at 41C. The cells were washed and then analyzed for active caspase 3 by flow cytometry on a FACS Calibur (BD Biosciences) using the Cell Quest software.
Changes in Dcm were detected by incubation of living cells with tetramethylrhodamine ethyl ester (TMRE) (Invitrogen Corporation) and analyzed by a FACS calibur flow cytometer (BD Biosciences) using the Cell Quest software.
Assessment of intrinsic radiosensitivity. Tumor cells were seeded into 12-well plates at densities of 300-800 cells per cm 2 depending on the plating efficiency of each cell line. After 24 h, cells were irradiated (2 Gy) with 4 MeV photons generated by a linear accelerator (Clinac 4/100, Varian, Palo Alto, CA, USA), delivering a dose-rate of 2.0 Gy/min. The effect of radiotherapy was determined after another 9 days by crystal violet staining following fixation in 4% paraformaldehyde (20 min). Surviving (adherent) cells were stained with 0.04% crystal violet in 1% ethanol for 20 min at RT, and the plates were washed extensively under running tap water and air dried. The cells were solubilized in 1% SDS, and optical density values were recorded in a Victor plate reader (EG & G Wallac, Upplands Väsby, Sweden) at 550 nm, and corrected for background absorbance.
Immunohistochemical staining. Sections from tumor biopsies were mounted on positively charged slides, deparaffinized in xylene and rehydrated through decreasing concentrations of ethanol. Thereafter, the sections were pretreated with 10 mM citrate buffer (DakoCytomation epitope retrieval solution) in a hot water bath (up to 1001C) for 40 min, blocked with Envision peroxidase block (BCPX968) for 5 min, and incubated for 30 min at RT with rabbit a-WRAP53-483
1 at a dilution of 1 : 1000. Staining was achieved with DakoCytomation EnVision System-HRP (DAB) kit. Sections were counterstained for 1 min with Tacha's hematoxylin.
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